A number of obstacles currently limit the effectiveness of gene therapy. One of the most formidable is the delivery of desired genes or proteins to a sufficient number of target cells to elicit a therapeutic response. Recently, a series of virus-encoded and other regulatory proteins were found to possess the ability to cross biological membranes. For example, peptides derived from the Drosophila Antennapedia homeodomain are internalized by cells in culture (1, 2) and conveyed to cell nuclei where they can directly and specifically interfere with transcription (2, 3) . The HIV-1 Tat protein was reported to enhance intercellular trafficking in vitro (4, 5) . The Tat protein is composed of 86 amino acids and contains a highly basic region and a cysteine-rich region (4) . It was found that Tat-derived peptides as short as 11 amino acids are sufficient for transduction of proteins (6, 7) . However, the exact mechanism by which the 11-amino acid transduction domain crosses lipid bilayers is poorly understood. Schwarze et al. (8) have recently generated a Tat-␤-galactosidase fusion protein that was delivered efficiently into brain tissue and skeletal muscle in vivo. These findings suggest that protein therapies may be successfully developed provided that problems caused by immune response and toxicity that might be associated with long-term expression of novel proteins in vivo can be solved.
The herpes simplex virus type 1 tegument protein VP22 was also reported to exhibit a unique property of effecting intercellular spread. VP22-directed delivery of proteins could be achieved either by transfection of genes encoding VP22 or by exogenous application of a protein extract containing VP22 (9) . VP22 is a basic, 38-kDa phosphorylated protein (10) encoded by the viral UL49 gene (11) . The transport of VP22 occurs via a mechanism potentially involving actin microfilaments. VP22 is exported from the cytoplasm of expressing cells and imported into neighboring cells where it accumulates in the nucleus (9) . These properties aroused interest in VP22 as a delivery vehicle for therapeutic proteins (12) . Recent studies suggest that VP22 is distributed to at least three distinct subcellular locations, which were defined as nuclear, diffuse, and cytoplasmic (13) . All of the data obtained thus far were based on studies with transfected cells in culture. The delivery of a recombinant fusion protein by a lentiviral vector into the brain in vivo has not been reported. Our goal was to determine whether lentiviral vectors could be used to deliver VP22 fusion genes into mammalian cells and brain tissue and to test whether such genes would be able to effect intercellular protein delivery from infected cells in vitro and in vivo. We prepared recombinant VP22-EGFP fusion constructs that were subsequently delivered into COS-7 cells by using a defective HIV-1-based lentiviral vector. The delivery of such fusion proteins into brain choroid plexus cells, human endothelial cells, HeLa cells, and H9 cells was studied in vitro. The delivery of the fusion protein by lentiviral vector in mouse brain tissue in vivo was also demonstrated.
Materials and Methods
Vector Constructs and Virus Production. The double-gene HIV-EGFP͞HSA vector was described previously (14) . The pUL49ep clone encoding VP22 was kindly provided by J. McLauchlan (Institute of Virology, Glasgow, Scotland; ref. 15) . The pUL49ep BamHI fragment was cloned in frame to the EGFP coding region present in pEGFP-N1 (CLONTECH). A DNA fragment encoding VP22 fused to EGFP was subsequently subcloned into HIV-EGFP͞HSA to yield HIV-VP22-EGFP͞HSA. Virus was produced in 293T cells by transient transfection as described (16, 17) . Virus stocks were concentrated by ultracentrifugation.
ature and light-controlled room, with food and water available ad libitum. The mice were anesthetized with Avertin solution (Aldrich) i.p. (0.15 ml͞10 g body weight) before injection. They were placed in a small-animal stereotactic apparatus fitted to a mouse adaptor with the skull horizontal between lambda and bregma. Following the surgery and injection, the animal's scalp was closed and sterilized before return to the recovery cage. The animal experiment was approved by the Animal Care and Use Committee at the National Institutes of Health. paraformaldehyde in 1ϫ Hanks' balanced salt solution (HSS, GIBCO) containing 2% FBS for 10 min at room temperature. The samples were washed three times with 1ϫ HSS, and blocked with 10% goat serum in 1ϫ HSS for 20 min at room temperature. Monoclonal mouse simian virus 40 T-antigen antibody (Calbiochem) was added at a dilution of 1:100 and the cells were incubated for 60 min at room temperature. The samples were then washed three times with 1ϫ HSS, and incubated with a secondary antimouse antibody conjugated with tetramethylrhodamine isothiocyanate (TRITC; Sigma) for 30 min at room temperature. The coverslips were carefully removed after washing three times with 1ϫ HSS, and then mounted on slides for microscopic observation. Statistical evaluation was performed by using a Student's unpaired t test (Statwork, Microsoft). Mean values for the numbers of cells with positive fluorescent staining were determined by averaging values from three experiments.
For immunofluorescence staining of H9 cells, a phycoerythrin-labeled monoclonal anti-IL-2 receptor (IL-2R) antibody (PharMingen) was used. The dish containing transduced COS-7 cells was first washed three times with culture medium. The suspension of H9 cells was then directly transferred onto a monolayer of transduced COS-7 cells. The suspension of H9 cells was collected 3 d after coculturing, and washed three times with 1ϫ HSS solution containing 5% FBS. The resuspended cells were then transferred to a 50-mm tube in which antibody staining (1:100 dilution) was carried out for 30 min on ice. The cells were washed three times with PBS͞FBS buffer, and 0.1-0.2 ml of diluted cells (5 ϫ 10 5 ) was placed in a Cytospin block. The blocks were centrifuged at 800 rpm for 5 min. After removal from the blocks and fixing in ethanol-glacial acetic acid for 15 min at Ϫ20°C, the slides were analyzed by Zeiss Axiophot fluorescence microscopy equipped with a Hamamastu charge-coupled device camera.
For fluorescence-activated cell sorter (FACS) analysis, cells were detached from the plate by using PBS containing 2 mM EDTA 3 d after infection, and then incubated with a phycoerythrin-labeled anti-HSA monoclonal antibody (1:40 dilution) for 30 min on ice. The cells were collected after centrifugation and resuspended in PBS for subsequent FACS analysis.
Implantation of Transduced Cells Into Mouse Brain Ventricles.
The animals were divided into two groups (5 animals per group). The first group was implanted with transduced cells previously infected by using the HIV-EGFP͞HSA vector. The second group was implanted with cells previously infected by using the HIV-VP22-EGFP͞HSA vector. Transduced H9 cells were washed with PBS in 1ϫ HSS containing 0.2% trypsin and subsequently washed two times with PBS in 1ϫ HSS. The cells were then concentrated by centrifugation for implantation. The animal was anesthetized and the head was fastened in the stereotactic apparatus. Injections of transduced cells into the lateral ventricles of the brain were performed at the following coordinates: 0.38 mm to bregma, 0.65 mm to the midline, and 3.0 mm depth (Fig. 5A ). Twenty microliters of the transduced cells (10 6 -10 7 cells per ml) was loaded into an internal cannula needle (23 gauge) with cannula tubing connected to a Hamilton syringe mounted on a microinjection pump (Harvard Apparatus). The cells were delivered into the ventricle of the brain at a rate of 1.0 l͞min.
Vector Injection into the Mouse Brain Hippocampus. Mice were divided into two groups (5 animals per group). The first group was injected with the HIV-EGFP͞HSA lentiviral vector. The second group received the HIV-VP22-EGFP͞HSA lentiviral vector. The procedure for surgery was as described above using the following coordinates: Ϫ2.3 mm to bregma, 1.0 mm to the midline, and 2.0 mm depth (Fig. 6A) . Five microliters of concentrated viral vector (corresponding to 3.4 ϫ 10 6 transducing units of HIV-EGFP͞HSA and 1.1 ϫ 10 6 transducing units of HIV-VP22-EGFP͞HSA, respectively) were loaded into an internal cannula needle (C315 ϫ 33) with cannula tubing connected to a Hamilton syringe mounted on a microinjection pump. The viral vector solutions were delivered at a rate of 0.5 l͞min.
Brain Immunofluorescence Assay. Animals were sacrificed by decapitation 3 weeks after injection and whole brains were carefully removed. The brains were immediately fixed with 4% paraformaldehyde͞1% glutaraldehyde for 24 h at 4°C, then washed with PBS in 1ϫ HSS containing 4% sucrose for 2 d at 4°C. The tissues were embedded in O.C.T. (optimum cutting temperature) medium (Tissue-Tek) and frozen in a methanol͞dry ice bath. The frozen tissues were sectioned to a thickness of 15 m per coronal section by using a cryostat (Bright Instrument, Huntingdon, UK) at Ϫ18°C. For immunocytochemical detection of implanted cells, the brain sections were washed three times with PBT buffer (PBS in 1ϫ HSS, 0.1% BSA and 0.2% Tween 20), then blocked with 10% goat serum for 15 min. After washing three times with PBT buffer, slides were incubated in the phycoerythrin-labeled monoclonal anti-IL-2R antibody (1:500; PharMingen) for 45 min at room temperature. The slides were washed with PBT buffer and analyzed by using a Zeiss 510 confocal microscope.
Results

Construction of Lentiviral Vectors Encoding VP22-EGFP Fusion Protein.
We previously designed pseudotyped, high-titer, replicationdefective HIV-1 vector systems to deliver genes into nondividing cells (16) . In the present study, we constructed double-gene lentiviral vectors encoding EGFP driven by the human CMV (cytomegalovirus)-IE (immediate early) promoter and the murine HSA driven by the viral long terminal repeat (LTR). One of the vector constructs (HIV-VP22-EGFP͞HSA) encodes EGFP fused at its N terminus to the VP22 coding region (15) (Fig. 1B, Lower) . A control vector (HIV-EGFP͞HSA) (Fig. 1B Upper) , expresses unfused EGFP. A three-plasmid expression system consisting of a defective packaging construct (Fig. 1 A) , a plasmid coding for the vesicular stomatitis virus (VSV) G glycoprotein (Fig. 1C) , and the vector constructs shown in To rule out pseudotransduction events, we prepared vector stocks lacking a viral envelope glycoprotein (Env). FACS analysis revealed that a significant number of EGFP-positive cells were evident in cultures infected by lentiviral vector of HIV-VP22-EGFP͞HSA (Fig. 2C ), but not for cells infected by the HIV-VP22-EGFP͞HSA lacking Env (Fig. 2B) . Thus, the transport function of VP22-EGFP fusion protein was abolished when cells were transduced with viral stock lacking an envelope.
Intercellular Spread of VP22-EGFP Fusion Proteins from Lentivirus-
Transduced Cells. Because the VP22 fusion protein down-regulated the expression of HSA, we adopted a more indirect strategy previously introduced by Elliott and O'Hare (9) for transfected cells. To visualize transduction events involving the movement of VP22-EGFP to neighboring cells, COS-7 cells expressing simian virus 40 T-antigen were infected with the double-gene lentiviral vectors as described above. At 24 h after infection, the cells were coplated with a number of different types of uninfected cells at a ratio of 1:10. The expression of VP22-EGFP fusion proteins in transduced COS-7 cells and the spread of such proteins to uninfected cells, including brain choroid plexus cells (Fig. 3A) , human endothelial cells (Fig. 3B) , and HeLa cells (Fig. 3C) , was investigated by fluorescence microscopy. Fig. 3 (A and B) indicates that the transfer of VP22-EGFP (green fluorescence) into neighboring brain choroid plexus cells and human endothelial cells may be directional, and possibly involve cellular extensions. Furthermore, VP22 fusion proteins in coplated human endothelial cells (Fig. 3B ) and HeLa cells (Fig. 3C) were found in both the nucleus and the cytoplasm. The infected COS-7 cells were distinguished from uninfected cells by a monoclonal antibody specific for simian virus 40 T-antigen conjugated to tetramethylrhodamine isothiocyanate (Fig. 3, red fluorescence) . The ratio of infected cells to neighboring recipient cells was as follows: 1.3 Ϯ 0.33 to 8.3 Ϯ 0.23 (P Ͻ 0.05) for brain choroid plexus cells; 2.0 Ϯ 1.0 to 11.6 Ϯ 2.6 (P Ͻ 0.05) for human endothelial cells, and 1.7 Ϯ 0.3 to 10.6 Ϯ 3.0 (P Ͻ 0.05) for HeLa cells. The increases in the number of EGFP-positive recipient cells were significant in all three cell lines compared with the number of transduced delivery cells (P Ͻ 0.05). EGFP was not transported to neighboring cells when COS-7 cells were infected with a HIV-EGFP͞HSA vector lacking the VP22 coding sequence (Fig. 3 A-C Right panels) .
To demonstrate the specificity of VP22-EGFP protein transfer more directly, human H9 cells were used. H9 cells express IL-2Rs (19) . These surface receptors can be directly detected by an IL-2R-specific monoclonal antibody. We transferred H9 suspen- sion cells into a culture dish on which transduced COS-7 cells had already adhered and grown for 24 h. Nonadherent cells were removed 3 d later and subjected to fluorescence microscopy. The microscopic analysis presented in Fig. 4 indicates that not only did the H9 cells exhibit binding of a phycoerythrin-labeled IL-2R-specific monoclonal antibody (Fig. 4, red fluorescence) , but a significant number of those cells also displayed green fluorescence (Fig. 4, green fluorescence) . H9 cells cocultured with COS-7 cells previously infected by the HIV-EGFP͞HSA vector displayed red fluorescence but the green fluorescence was greatly reduced and there were no doubly positive cells. The results support the hypothesis that the green fluorescence in H9 cells resulted from the transfer of EGFP mediated by VP22 from the COS-7 cells.
Lentiviral Vector Delivery of VP22-EGFP Fusion Protein in Mouse Brain.
To determine the capacity to deliver VP22-EGFP from lentivirustransduced cells in vivo, H9 cells previously infected by lentiviral vectors were injected into the ventricles of brains of mice (Fig. 5A) . The results indicate that VP22-EGFP fusion protein had spread into the neighboring tissues from the ventricle (Fig. 5B, green  fluorescence) , and even as far as the cerebral cortex (Fig. 6A) . However, we did not observe such significant transport of EGFP into neighboring tissues (Fig. 5C) , nor the cortex when the implanted cells were previously transduced with the HIV-EGFP lentiviral vector lacking VP22 (Fig. 6B) . The transplanted H9 cells in brain ventricles were detected by a specific IL-2R antibody (Figs. 5 BЈ and CЈ, red fluorescence).
VP22-EGFP in the cortical region of the mouse brain is present not only in the nuclei of cortical cells (see Fig. 6 B and C, arrow n), but also in the cytoplasm of axons (arrow c).
To further study the delivery of VP22-EGFP fusion protein by lentiviral vector in mouse brain, we injected the viral vectors directly into the pyramidal cell layer in area CA2 of the hippocampus. VP22-EGFP fusion protein was transported throughout the whole pyramidal cell and oriens layers of the hippocampus. Only a local diffusion of EGFP was found when HIV-EGFP͞HSA vector lacking a VP22 coding sequence was injected (data not shown).
Discussion
The purpose of this investigation was to determine the efficacy of lentiviral vectors to deliver VP22-EGFP fusion protein to mammalian cells in vitro and to examine the intercellular transport of the corresponding fusion protein in vitro and in vivo. We demonstrated that lentiviral vectors can be used to deliver a gene encoding a VP22-EGFP fusion protein into a mammalian cell such as COS-7 cells. When the infected cells were co-plated with other types of cells, VP22-EGFP was found to migrate to many neighboring cells. An interesting finding is that the transport of VP22-EGFP in cells such as human endothelial cells may be directional, and possibly involves cellular extensions. This intercellular movement suggests cell-to-cell contact during protein transport into this particular cell type from the initial expressing cells. We should not, however, exclude the possibility of extracellular VP22-directed delivery in other cell types. The exact mechanisms involved in the intercellular movement of such a fusion protein are not yet understood. Transport of VP22 fusion protein was reported to occur via a mechanism potentially involving actin microfilaments (20) , suggesting that VP22 exhibits a cytoskeletal interaction. Although the numbers of positive recipient cells detected in our analysis were lower than those reported elsewhere (9), the observed transfer was still significant. This discrepancy may, at least in part, be accounted for by the differences in experimental methodology. In our study, cells were trypsinized 24 h after infection with the viral vector before coplating with other cell types as opposed to transfecting or directly microinjecting cells with plasmid DNA (9) .
The VP22 fusion protein in the recipient cells was present in both the nucleus and cytoplasm. This discovery is consistent with the findings by Derer et al. (21) that GFP-VP22 fusion protein can be transported into terminally differentiated myotube cell cultures where it preferentially accumulates in the cytoplasm. This predominantly cytoplasmic, rather than nuclear, localization was suggested to be due to the differences in the kinetics of nuclear uptake of the fusion protein. Moreover, Pomeraz and Blaho (13) also found that VP22 exists in the cytoplasm during early herpes simplex virus type 1 infection and later migrates to, and accumulates in, the nucleus. Although most of the VP22 had accumulated in the nucleus at 13 h after infection (13) , confocal indirect immunofluorescence detected residual VP22 in the cytoplasm as well.
We have ruled out the possibility of pseudotransduction by including vector stocks lacking a functional Env glycoprotein as negative controls. Also, EGFP lacking the fused VP22 did not appear to be transferred. In addition, we trypsinized the infected cells before coplating with other cell types to eliminate possible contamination from excess virus in the culture solution and on cell surfaces. The immunofluorescence assay was performed 3 days after coplating. Therefore, the data from this study support the concept that intercellular spread of VP22 fusion proteins from cells infected by lentiviral vectors encoding VP22-EGFP is indeed a Fig. 6 . Delivery of VP22-EGFP fusion protein in mouse brain cortex. VP22-EGFP fusion protein (A, green fluorescence) was observed to migrate from the brain cingulum (cg) to the region of brain cortex (ct); the brain section is correlated to position b of the brain anatomic map for cell implantation (see Fig. 5A ). The VP22-EGFP fusion proteins were also transported into the nuclei (arrow n) and cytoplasm (arrow c) of brain cortical cells (B and high magnification C); the brain section is correlated to the position c of brain anatomic map (see Fig. 5A ). In all adjacent brain sections, the signal for EGFP fluorescence was significantly reduced (AЈ and BЈ) when implanted cells were transduced with HIV-EGFP. ch.p, choroid plexus in ventricle; cc, cingulum; ct, brain cortex. (Scale bar represents 70 m for A, 50 m for B, and 35 m for C.) result of transport involving VP22, and that the VP22-EGFP fusion protein resides in the nucleus and cytoplasm of neighboring cells.
To elicit a sufficient therapeutic response in target tissues in vivo, development of deliverable recombinant fusion protein by viral vectors, such as a lentiviral vector, is needed. To test whether we could improve the global delivery of recombinant proteins in vivo, we constructed a recombinant fusion protein in an HIV-1 based lentiviral vector and examined its delivery in mouse brain. When transduced cells were implanted into the lateral ventricle of the brain, we found VP22-EGFP not only in the tissues immediately surrounding the ventricle, but also in the cerebral cortex. EGFP fluorescence in these brain regions was significantly reduced when cells transduced by a HIV-EGFP/ HSA vector lacking VP22 were implanted.
These findings support the view that HIV-1 lentiviral vectors effectively deliver VP22-EGFP fusion proteins from infected target cells to the cytoplasm and nuclei of uninfected cells in vitro and the mouse brain in vivo. VP22-mediated intercellular transport from lentivirus-transduced cells may prove valuable for the delivery of therapeutic proteins. A lentiviral vector coupled with a transport protein such as VP22 may serve as a potent agent in gene therapy applications.
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